The purpose of the present study was to test the hypothesis that glazing will affect the Weibull modulus or the mean flexural strength of dental porcelain. Four groups (n = 30) of specimens were prepared from feldspathic body porcelain (Vita VMK 68). The specimens were tested in groups: original glazed condition (control), and after grinding separately with 1,000-grit, 600-grit, and 100-grit silicon carbide abrasive. A three-point flexure test was undertaken for each specimen. The flexural strength of porcelain and the Weibull modulus were then obtained using a computer program and load-to-failure data. Flexural strength decreased as surface roughness increased, and the differences were significant (p < 0.05), as determined by Tukey's multiple range test, except between the 600-grit group and the 100-grit group. The Weibull modulus of the glazed group was the largest (16.3), and the surface roughness was found to influence the Weibull modulus.
INTRODUCTION
In recent years, with the advent of CAD/CAM technology, ceramic restorations have been used with increasing frequency. Improved strength of all-ceramic fixed partial denture can be attributed to the use of zirconia in fabrication of the fixed partial denture by CAD/CAM. However, the mechanical strength of veneering porcelain applied to a zirconium framework is approximately the same as that of conventional porcelain used for metal-ceramic restorations [1] [2] [3] . According to these studies, almost the same flexural strength value of veneering porcelain for zirconia and veneering porcelain for the metal-ceramic technique is indicated. The influence of occlusal adjustment on strength of porcelain for metal-ceramic restorations was examined in this research.
When occlusal adjustment of a ceramic restoration is required at the time of insertion, it is difficult to achieve a surface smoothness that is equal to the glazed surface, even if the surface is polished with a dental hand piece afterwards. Reglazing significantly reduces the surface roughness of ground and polished porcelain, as compared with polishing alone [4] [5] [6] . However, a number of studies have suggested that mechanical polishing of porcelain can produce equally smooth or smoother surfaces, as compared to glazing 7, 8) . When a porcelain-veneered ceramic restoration having a flaw on the surface is placed in the mouth, moisture may hasten the breakdown of bonds between silica atoms over time through a process called slow crack growth. Even if the restorations are not subject to excessive occlusal loading, fracture can occur due to static fatigue [9] [10] [11] . Therefore, polishing the restoration after occlusal adjustment may be an important factor Received Jul 13, 2009 : Accepted Sep 10, 2009 in improving the strength of the porcelain and extending the clinical lifespan of a restoration 12, 13) . Glazing was reported not to significantly increase the Weibull modulus or the flexural strength of dental porcelain that was previously polished using 1-μm diamond abrasive 14, 15) . However, a significant correlation between the biaxial strength and the surface roughness on the level of Ra: 0.1 to 6.0 μm of porcelain has been reported 16, 17) . The two-parameter Weibull distribution has also been used to evaluate the Weibull modulus. Accordingly, the plot has 95% confidence bounds of the estimate for the Weibull shape parameter on the Y-axis and 95% confidence bounds for the estimate of the characteristic strength on the X-axis. If confidence bounds intersect, Weibull parameters are not significantly different. 18) As the surface roughness of the porcelain increases, the flexural strength decreases because of composition of the crystalline component by removed of glaze layer is nominated for the one of the reasons 19) . Although some studies found a linear correlation between roughness and failure stress based on Rmax, when Ra and Rz were used as values of surface roughness, a point of inflection was observed 20) . The purpose of the present study is to examine the influence of the surface roughness on the strength of the porcelain. In the preset study, glazing treatment is assumed to increase the Weibull modulus or the mean flexure strength of dental porcelain.
MATERIALS AND METHODS
Feldspathic body porcelain (Vita VMK 68; lot No 4082, Bad Säckingen, Germany) was used in the present study. The porcelain powder was mixed with distilled water (w/p ratio = 0.4) and poured into a metal mold Table 1 Mean final dimensions and arithmetic mean roughness of specimens in four surface treatment groups. of dimensions 25.0 mm (l) × 5.0 mm (w) × 2.0 mm (d).
Excess moisture was removed from the body porcelain with a paper tissue, and specimens were removed from the metal mold. A digital furnace (Flagship VPF; JF Jelenko and Co., San Diego, California) was used to fire specimens. The temperature of the furnace was increased from room temperature at the rate of 50 °C/ min, and the furnace was fired from 700 to 930°C for 5 min in a vacuum. Specimens were polished after firing using 2,000-grit abrasive (Waterproof paper; Riken Corundum Co, Saitama, Japan) followed by hand lapping under running water until the final dimensions of 20.0 mm (l) × 4.0 mm (w) × 1.0 mm (d) were obtained. The final dimensions of the specimens were measured using slide calipers (Absolute Digimatic Solar Caliper CD-S 20C, Mitsutoyo Corp, Kanagawa, Japan), and the specimens were then glazed according to the manufacturer's instructions. All test specimens were fabricated with beveled edges according to ISO Standard 6872 (1995) . The specimens were kept in a dry environment in the presence of a desiccator before glazing. The specimens were divided into four groups of 30 specimens each, as follows: (1) specimens in the original glazed condition (glazed group), (2) specimens polished with 1,000-grit abrasive (1,000-grit group), (3) specimens polished with 600-grit abrasive (600-grit group), and (4) specimens polished with 100-grit abrasive (100-grit group). These levels of surface roughness are likely to occur after occlusal adjustment in the clinical stage. Furthermore, in measuring the surface roughness, the arithmetic mean roughness (Ra) was measured using a surface measuring machine (Surfcoder Model SE-3H; Shimadzu Corp., Kyoto, Japan) according to JIS (Japan Industrial Standard, B 0601, 1994). The surface measuring machine is a stylus contact type machine, and measurement was performed using a scan length of 4 mm, scan speed of 0.1 mm/sec, and stylus contact pressure of 5 × 10 -8 kg. Measurement was performed 10 times for each specimen, and the average value was computed. Table 1 lists the final dimensions and arithmetic mean roughness of specimens in four surface treatment groups.
A porcelain sample was placed on columnar bars of 5 mm in diameter separated by a distance of 12 mm. Weight was added to the upper columnar bar, which was fixed to the top of the plinth. A three-point flexure test was performed at a crosshead speed of 1 mm/min using a universal testing machine (Autograph Model AG-500A; Shimadzu Corp, Kyoto, Japan) according to ISO Standard 6872 (1995) , as shown in Fig. 1 . In addition, the sample was maintained under a dry condition prior to the examination. A flexure test was performed under room temperature. The breaking load measured by a three-point flexure test was substituted for the following equation 21) and the flexural strength was calculated:
where W (N) is the breaking load, l (mm) is the supported length, b (mm) is the width of the specimen, and d (mm) is the thickness of the specimen. Flexural strength distributions were hypothesized to follow a Weibull distribution, which is represented by the following equation:
where Pf is the probability of failure defined by the relation Pf = i / ( N + 1 ), in which i is the rank order of the flexural strength and N denotes the total number of specimens, and m is the shape parameter (the Weibull modulus), σ is the strength at a given Pf and σn0 is the characteristic strength. The Weibull moduli were calculated from fracture data by a computer program (DeltaGraph; DeltaPoint Inc., Monterey, California) using the rank regression method and the least squares method to fit the data. Tukey's multiple range test (Stat View; Abacus Concepts, Inc, Berkeley, California) was used to test the effect of the surface roughness on the flexural strength (α = 0.05).
RESULTS
The mean values of flexural strength in four surface treatment groups are shown in Table 2 . Flexural strength decreased as surface roughness increased. For each group tested, the mean flexural strength of the glazed specimens was generally greater than the mean flexural strengths of the other groups. Even though the difference in surface roughness between the glazed group and the 1,000-grit group was small (Ra: 0.15 μm), the decrease in flexural strength was large. The Tukey's multiple range test revealed significant differences between the glazed group and the 1,000-grit group (p < 0.001), the glazed group and the 600-grit group (p < 0.001), and the 1,000-grit group and the 600-grit group (p = 0.0148). Fig. 2 illustrates the influence of surface roughness on the flexural strength of the 1,000-grit, 600-grit, and 100-grit groups when the flexural strength of the glazed specimens was assumed to be 100%. The 1,000 grit specimens showed a decrease in flexural strength of 8.8%, although the increase in surface roughness was only Ra: 0.15 μm. However, the decrease in flexural strength between the 1,000-grit specimens and the 600-grit specimens was 7% with an increase in surface roughness of Ra: 0.52 μm. Similarly, the surface roughness of the 100-grit specimens was Ra: 0.78 μm greater than that of the 600-grit specimens. However, the flexural strength decreased by only 3.1%.
The Weibull cumulative failure probability curves are shown in Fig. 3 . The graph inclination shows the Weibull modulus. Generally, when the Weibull modulus is large, the variation in strength is small, and the reliability of the material is excellent. The Weibull distribution for the glazed group has a narrower distribution than the Weibull distributions for the other three groups. The 600-grit group showed the next highest value, and the 1,000-grit group and the 100 grit group exhibited similar values. The Weibull modulus of the glazed group was larger (m = 16.3) than those of the polished groups.
DISCUSSION
Silicon carbide bars and silicone polishing material can be used for occlusal adjustment and polishing in clinical situations. The surface roughness of materials ground by silicon carbide bars and silicone polishing material is similar to that of specimens ground using 100-grit, 600-grit, or 1,000-grit silicon carbide abrasive. In other words, a Student's t-test (Stat View; Abacus Concepts, Inc., Berkeley, California) revealed no significant difference (p > 0.05) between the surface roughness of specimens ground with 1,000-grit polish and that of specimens polished with a silicon polishing material that silicon carbide particle diameter of 28 μm (silicon rubber point, Shofu Inc., Kyoto, Japan), between 600 grit polish and polished with silicon rubber point that particle diameter of 74 μm, between 100-grit polish and ground with silicon carbide grinding material that particle diameter of 68 μm (carborundum point, Shofu Inc., Kyoto, Japan) 22) . The larger the surface roughness in the porcelain, the lower the flexural strength. In the present study, cracks are assumed to have originated from flaws in the tensile surface of the porcelain during the threepoint flexure test. If the cracks originate from volume flaws, the air bubbles that exist inside the volume can be considered. Although an intrinsic flaw that was initially a volume flaw could be uncovered by polishing, the flaw is still an intrinsic volume flaw. Therefore, in this case, the surface flaws are probably both intrinsic and extrinsic, some coming from exposed bubbles and others coming from the grinding and polishing process.
The difference in surface roughness between the glazed group and the 1,000-grit group was Ra: 0.15 μm, and the difference between the 1,000-grit group and the 600-grit group was Ra: 0.52 μm, yet the decrease in flexural strength was greater between the glazed group and the 1,000-grit group, as compared to that between the 1,000-grit group and the 600-grit group (Fig. 2) . High flexural strength is thought to indicate an absence of flaws on the glazed surface. On the other hand, flexural strength is thought to have decreased as a result of the influence of surface flaws and volume flaws in the 1,000-grit group. However, the difference of flexural strength between glazed group and 1,000-grit group was large. The glazed layer of the porcelain consists of glass, which is dissolved and solidified, and so provides a glossy surface barrier. When a glass layer of approximately 4 μm in thickness is formed, flaws disappear, thereby improving flexural strength 23) . In addition, the compressive stress produces a glaze layer due to the mismatch of the thermal expansion coefficient between the glass and the alumina particles 24) . In the present study, the flexural strength is thought to increase because there is no flaw in the surface of the specimens of the glazed group. The flexural strength increases when compressive stress exists inside the porcelain. Therefore, the strength is thought to improve because the compressive stress counteracts the tensile stress of the three-point flexure test if compressive residual stress exists in the glaze layer. The flexural strength of porcelain is improved as a result of this residual stress.
In the present study, the flexural strength of porcelain decreased rapidly when there were flaws in the glazed surface. In a previous study, the surface roughness and flexural strength were assumed to be unrelated 14) , whereas in another study, they were reported to have a linear correlation. 20) The result of the latter study is thought to have been obtained because annealing was performed after surface treatment in order to remove residual stress and differences in the fracture toughness of porcelain. The largest decrease in flexural strength occurred between the glazed group and the 1,000-grit group, even though the greatest difference in surface roughness occurred between the 600-grit group and the 100-grit group (Ra: 0.78 μm). The flexural strength is thought to decrease as a result of the polishing routine, exposed bubbles in the porcelain surface, or a combination of these two effects. Whereas analysis of the crystalline component composition by X-ray diffraction revealed that the flexural strength differed with the crystalline component composition. For a change of crystalline component composition of this study, as for Crys-Cera, peaks of LiCaP3O9 becomes small by grinding, and CaP2O6 increases. As for Empress, peaks of SiO2 becomes small, and ZrSiO4 increases likewise 19) . The element that adjusts the thermal expansion coefficient might also influence for strength.
The Weibull modulus of the glazed specimens was higher than the Weibull moduli of the three polished groups. When the Weibull modulus is large, the variation is narrow and the reliability of the material is excellent. The surface of the glazed samples contains very few defects that could lead to fracture, which results in a narrower distribution of flexural strength. The Weibull moduli of the three polished groups were smaller because of the presence of flaws on the surface of the porcelain. Cracks in the porcelain originate from these flaws are propagated when flexural force is applied, resulting in lower flexural strength. This result indicates that the increase in surface roughness of the porcelain can be interpreted as a reduction in flexural strength. The rate of decrease in flexural strength changes with roughness. Moreover, since the Weibull modulus of porcelain having a glazed surface is larger than that of porcelain having a rough surface, glazing improves the strength of porcelain. Crack generated from flaw of surface of porcelain grow because of occlusal forces or contact with saliva, and the possibility of future breakage increases for porcelain restorations seated on a tooth 25, 26) . Therefore, flaw on the surface of pocelainf must be eliminated by re-glazing or polishing after adjustment of the ceramic restoration.
CONCLUSIONS
Among the experimental groups, the specimens with a glazed surface exhibited high flexural strength. Tukey's multiple range test revealed significant differences (p < 0.05) between the glazed group and the 1,000-grit group, between the glazed group and the 600-grit group, and between the 1,000-grit group and the 600 grit group. The flexural strength decreases rapidly when the glazed surface of the porcelain is damaged. Weibull analysis indicated that the glazed group had a narrower distribution of flexural strength. The surface roughness has a significant effect on flexural strength, and the Weibull distribution data indicates that glazing treatment significantly improves the reliability of the strength of the porcelain.
